As like humans having the ability to precipitate minerals in the form of bones and teeth continuously, even some bacteria like Bacillus pasteurii and Bacillus sphaericus can continuously precipitate calcite, called as microbiological induced calcite precipitation. The present investigation discusses on the effects of B. pasteurii and B. sphaericus on durability of concrete beams. The efficacy of the bio deposition treatment on concrete beams with bacteria, alkali, sulfate and freeze-thaw environments along with water absorption was studied. The presence of a layer of calcium carbonate and microbial biomass resulted in a decrease of permeation properties of cementation materials. This technique not only improved the concrete strength but also enhanced water impermeability through calcite precipitation, quantified by X-ray diffraction analysis. Hence this biological treatment is highly desirable and eco-friendly. The present work guarantees a biological metabolic outcome with improvement in concrete and building material technology.
Introduction
Microbiologically induced calcite precipitation (MICP) is a technique that comes under a broader category of science called bio mineralization. As a microbial sealant, calcite exhibited its positive potential in selectively consolidating simulated fractures and surface fissures in granites and in consolidation of sand. The surface treatments play an important role in the protection of construction materials from the ingress of water and other deleterious substances. Boquet et al. (1973) first demonstrated the ability of soil bacteria to precipitate calcium carbonate under laboratory conditions. Nemati et al., 2005) . Due to the negative side effects of some of the conventional techniques, bacterial induced carbonate mineralization has been proposed as an innovative and environmental friendly strategy for the durabil-ity of stone and mortar . Microbiological concrete remediation requires further consideration before it can be used with confidence, mainly due to the fact that the pH of concrete remains extremely high even after completely cured (Vondron et al., 1990). MICP is highly desirable chemical reaction because the calcite precipitation induced is a result of microbial activities. The technique can be used to improve the compressive strength and stiffness of cracked concrete specimens.
The basic principle involves microbial urease hydrolyzes urea to produce ammonia and carbon dioxide, the ammonia released in surroundings subsequently increases pH, leading to accumulation of insoluble calcite. Research has indicated that a concrete which has a low permeability lasts longer without exhibiting signs of distress and deterioration (Nolan et al., 1995) . Construction materials such as stone and concrete are subjected to the weathering action of several physical, chemical and biological factors. Carbonate stones are particularly susceptible to weathering. This weathering leads to an increase of the porosity and as a result a decrease of mechanical features. In order to reduce this susceptibility to decay, many conservations treatments applied with the aim of modifying some stone characteristics.
Bacterially induced carbonate precipitation has been proposed as an environmental friendly method to protect decayed ornamental stone (Le-metayer-levrel et al., 1991). In natural environments calcium carbonate precipitation is accompanied by biological processes, both of which often occur simultaneously or sequentially. This was processed by four key factors such as calcium concentration, concentration of dissolved inorganic carbon, pH, and the availability of nucleation sites. When exposed to atmospheric conditions, soft limestone quickly acquires a protective skin (calcin) through dissolution of carbonates within the pore water, evaporation and precipitation of calcite at or near the exposed surface. This layer demonstrates a higher hardness and density compared to the underlying layers. As a result of atmospheric pollutants, however, this layer slowly degrades, losing its protective role. The discovery that bacteria contribute to the formation of limestone has led to the suggestion to use bacteria for the re-establishment of this calcin (Dreesen et al., 2004) .
Bacteria from various natural habitats have frequently been reported to precipitate calcium carbonate both in natural and in laboratory conditions (Chafetz and Buczynski 1992) . Results from preliminary research have shown that a surface treatment based upon microbial carbonate precipitation (biodeposition) with pure cultures of Bacillus sphaericus was more effective in decreasing the permeation properties of mortar and concrete compared to a treatment with ureolytic mixed cultures (Muynck et al., 2005 . Bacillus pasteurii and Bacillus sphaericus produces urease, which catalyze urea to produce ammonia and carbon dioxide, resulting in an increase of pH in the surrounding where ions Ca 2+ and CO 3-precipitate as CaCO 3 . Possible biochemical reactions in medium to precipitate CaCO 3 at cell surface that provides nucleation sites. MICP results from a series of complex biochemical reactions, including concomitant participation of Bacillus pasteurii, urease and high pH. In this process, an alkalophilic soil microorganism, B. pasteurii plays an important role by producing urease which hydrolyzes urea to ammonia and carbon dioxide. The ammonia increases the pH of the surroundings, which in turn induces calcite precipitation (Fischer et al., 1999) .
In the present study, the efficacy of the bio deposition treatment with bacterial cultures was investigated by evaluating the resistance of mortar specimen beams towards various degradation processes. Calcite distribution in the region of the treated cracks was quantified by X-ray diffraction analysis. Mortar specimen beams of same water-cement ratio, were analysed for alkali treatment, sulphate attack, freeze thaw and drying shrinkage along with control. The main objective of this research was to identify whether bacteria are able to improve the durability of concrete, by altering permeation properties due to bacterial induced mineralization.
Materials and methods

Sampling and pre-treatment of soil
Soil samples were collected from field regions in our institute, P.S.R. Engineering College, Tamil Nadu. All soil samples were collected in sterile polypropylene bags and brought into sterile condition. One gram of soil was mixed with sterile water and incubated in water bath at 60 0 C for 30 min. This soil sample was used for serial dilution. Sea water was collected from Rameshwaram, South India for Bacillus pasteurii.
Selective isolation of bacterial isolates
Serially diluted sea water were spread onto selective isolation medium containing of urea 5%, beef extract 0.3%, peptone 0.5%, agar 2% and incubated 24-48 h at 37 0 C for Bacillus pasteurii. Serially diluted pretreated soil samples were spread onto selective isolation medium containing nutrient broth 0.3%, Sodium bi carbonate 0.212%, Ammonium chloride 1%, Urea 0.1%, Sodium acetate trihydrate 0.5%, Glutamic acid 1mg, riboflavin 10mg, agar 1.5% and incubated at 37 0 C for 18-24 h for B. sphaericus. Finally pure cultures were stored in slants at 4 0 C. The cell numbers were reduced up to 10 8 levels on comparison with 0.5 McFarland Standard. Different physiological and biochemical tests suggested in Bergey's Manual of Determinative Bacteriology (Holt, 1994) were carried out to identify the isolate and tabulated (Table 1) .
Preparation of concrete beams
The concrete beams specimens were prepared with Grade A Ultra-Tech cement with sand: cement: grav-el: water (4:2:2:1) ratio respectively. The iron rectangle plate was made at dimensions 12 inch length, 1 inch height and 1 inch breadth. The slabs were cast and cured for one day at 20±2°C. The slabs were demolded after 24 h and then stored in water for one week prior to the drilling of the specimens for the different tests.
Capillary water suction test
This test determines the increase in resistance towards water penetration activity. To ensure unidirectional absorption, the beams were coated on either side using polysiloxane paint. After coating the beams were dried by exposing certain heat to it. The specimens were fed into the water by keeping the coated side facing downwards. At time intervals (15, 30, 45 , 60 and 75 min), the specimens were removed and weighed, after drying the surface with a wet towel. Immediately after the measurement the test specimens were submerged again. At certain time the absorption level and the weight of the beam become constant. The experiment was stopped and the respective sorptivity value was calculated. The water absorption of the concrete beams on various time intervals were found and the sorptivity co-efficient was calculated using the formula,
where Q is the amount of water absorbed (cm 3 ), A is the Cross section of specimen (cm2), k is the sorptivity co-efficient (cm/s ½ ) and t is the time (sec). The 'k' value indicates the absorption capability of a given specimen and relative decrease of water absorption points out the fidelity of the specimen.
Alkali aggregate reactivity of concrete beams
Alkali aggregate reactivity test was carried out for the analysis on efficiency of bacteria in different mediums (Urea-CaCl 2 and phosphate buffer) for durability as per the requirements of ASTM (American Society for Testing and Materials) C 1260 (standard test method for potential alkali aggregate reactivity of aggregates mortar bar method). Eight beams were suspended in urea-CaCl 2 medium inoculated with B. sphaericus culture and enclosed in plastic bag containers for 7 days at room temperature. Similarly the test carried out with B. pasteurii. 3 beams were kept as control in medium without bacteria.
Sulfate attack resistance of concrete beam
The test was done as per the requirements of ASTM C1012 (standard test method for length change of hydraulic cement mortars exposed to a sulfate solution). Two calcium precipitated beams were suspended in Na 2 SO 4 solution at room temperature and taken as control. Similarly beam from different test conditions was suspended in Na 2 SO 4 solution at room temperature. The mean expansion of the concrete beams by alkali activity was calculated for these beams by measuring their length, breadth, height before exposure and after exposure with alkali.
Drying shrinkage of concrete beam
The test was done in accordance with ASTM C-157 (standard test method for length change of hardened concrete). Two beams from different test conditions were suspended in CaCO 3 solution at room temperature. The mean expansion of the concrete beams was calculated for these beams by measuring their length, breadth, height before exposure and after exposure (15 days).
XRD Analysis
The mineralogical composition of the deposited CaCO 3 crystals was investigated with X-Ray diffraction method. XRD spectra were obtained using a XPERT-PRO diffractometer (0000000011014281) with the copper anode (40KV and 30mA) and scanning from 24 0 to 85 0 at position 2θ. Crystalline deposits obtained from the surface of the treated mortar specimens were used for the analysis.
Results and Discussion
Bacterial isolates
Bacillus sphaericus and B. pasteurii were isolated from field soil and sea water respectively. Biochemical and physiological tests were carried out and tabulated (Table 1) .
Characterization of the bio deposition treatment
Absorption of bacteria
The immersion of the mortar specimens in a fully grown culture of B. sphaericus (10 8 cells/ml) resulted in the absorption of bacteria in the porous matrix throughout the complete immersion depth. With the given test procedure it was possible to observe any differences between the number of spores retained per gram of mortar for specimens for given depth up to 10 mm. The amount of bacteria found in untreated samples was neglected.
Precipitation of carbonate crystals
Treatment of mortar specimens with bacteria and calcium source resulted in the presence of carbonate crystals on the surface. This section of bio deposition treated mortar specimen's revealed large variations in the thickness of the carbonate layer across the surface, and to limited extent areas where no crystals were present. From the thin sections it was observed that the majority of the surface was covered with a layer of crystals within the range 0.1-0.3 mm in which often large crystals could be found. These large crystals show evidence of the bacterial mediation of the carbonate precipitation as well as a large amount of small rods (1-2µm) could be observed inside the crystalline structure. 
Capillary suction test
Absorption of bacteria and precipitation of carbonate crystals resulted in a weight increase of the mortar specimens ( Table 2 ). The weight gain was attributed to the occurrence of bacterial cells and spores on the surface and inside the porous matrix of the mortar specimens. Furthermore, a part of this weight gain could be attributed to the precipitation of the calcium ions from the pore solution, as carbonate ions were already present in the fully grown culture. In the presence of an external calcium source, a significant higher weight gain could be observed as a result of the additional precipitation of calcium carbonate crystals. No significant different in relative weight gain could be observed between the bio deposition treatments with a different calcium sources. This could be attributed to the fact that the presence of carbonate crystals on the surface acting as template for crystalline enhanced the amount of carbonate precipitation on the surface.
As the specimens had a similar outer surface area, the increase of biomass absorption with increasing weight is probably attributable to the increasing porosity. Consequently a larger urease activity and larger amount of nucleation sites were obtained. This resulted however not in an increased amount of CaCO 3 precipitation with increasing weight. The latter can be attributed to the fact that from a certain number of bacteria there is sufficient urease activity to hydrolyze all the urea and as a result precipitation all the calcium ions that are present. Mortar cubes treated with bacteria and a calcium source showed significantly less water absorption compared to untreated specimens. This is in agreement with the findings of Tiano et al. (1999) . These authors indicated that about 50% of this decrease was attributable to the presence of biological matter, which physically hindered the movement of water. In contrast with conventional surface coatings that showed a similar sorptivity co-efficient regardless, specimens treated with bacteria and a calcium source showed a higher sorptivity co-efficient. Due to the larger porosity and connectivity of the pores with increasing weight the absence of a coating will have a larger effect on the water absorption of higher weight specimens than in the case of lower weight specimens. Increasing the calcium concentration or additional treatments could result in additional decrease of the permeability, as the presence of additional carbonate crystals will result in a more complete plugging of the superficial spores. 
Alkali aggregate reactivity of concrete beams
The test was done as per the requirements of ASTM C 1260 (standard test method for potential alkali aggregate reactivity of aggregates mortar bar method). At the end of 15 days beams made with B. pasteurii and B. sphaericus suspended in Urea-CaCl 2 had 5% and 16 % less mean expansions respectively than that of control beams Both the bacterial species suspended in phosphate buffer expressed more considerable results compared with that of urea-CaCl 2 suspended cultures. At the end of 15 days the beams with B. pasteurii bacterial concentration of 10 8 cells/mL had 20% less mean expansion than that of control. At the end of 15 days the beams with B. sphaericus bacterial concentration of 10 sion than that of the control beams (Figure 1 ).
Sulphate attack resistance test
In this study bacteria were first suspended separately in different mediums i.e, phosphate-buffer and urea-CaCl 2 to obtain a final concentration of 1 x 10 8 cells/mL. The test was done as per the requirements of ASTM C1012 (standard test method for length change of hydraulic cement mortars exposed to a sulphate solution). At the end of 28 days beams made with B. pasteurii suspended in Urea-CaCl 2 and phosphate buffer had 15% and 20% less mean expansions respectively than that of the control beams. Beams treated with B. sphaericus suspended in Urea-CaCl 2 and phosphate buffer had 20% and 40% less mean expansion respectively than that of the control beams (Fig. 2) . 
Drying and shrinkage of concrete beams
The test was done in accordance with ASTM C-157 (standard test method for length change of hardened concrete). At the end of 28 days the beams with B. pasteurii suspended Urea-CaCl 2 and phosphate buffer had 10%, and 15% less shrinkage deformations respectively than that of the control beam, also at the end of 28 days the beams with B. sphaericus suspended in water, urea-CaCl 2 and phosphate buffer had 3%, 15% and 20% less shrinkage deformations respectively than that of the control beams (Fig. 3) .
XRD Analysis
Treatment of the mortar cubes with bacteria and a calcium source resulted in the procedure of a crystalline layer on the surface. The type of bacterial culture and the nutritional composition had a profound impact on crystal size and morphology. XRD analysis results (Fig. 4) indicated the presence of a newly formed layer on the surface of the mortar specimens consisting mainly of calcite. The results from the XRD analysis confirmed the presence of calcite crystals. The impact of the type calcium source on crystal morphology was more pronounced in the case of mixed cultures The current study demonstrated that the bio deposition treatment resulted in an increased resistance of mortar specimens towards carbonation. In the case of cementation materials, the bio deposition treatment might be regarded as a coating system, as the carbonate precipitation was mainly a surface phenomenon due to the limited penetration of the bacteria in the porous matrix. The results from this research confirm the interrelationship that exists between transport and degradation mechanisms occurring in concrete. The transport mechanisms in concrete are influenced by the surface treatment with the ureolytic bacteria and a calcium salt. As a result, increased resistances towards carbonation, freezing and thawing were noticed. The bio deposition treatment showed a similar protection towards degradation process as sum of the conventional surface treatment under investigation. From the above, it is clear that the presence of a layer of carbonate crystals on the surface has the potential to improve the resistance of cementations materials towards degradation process. One of the rate-limiting steps in the degradation of mortar and concrete is the penetration of weathering substances into the construction materials. Weathering predominantly occurs in near surface sections or the concrete cover of the reinforcement. Improvement of concrete durability therefore aims at controlling the surface permeation properties of the building material. One of the primary goals of this research was to obtain a method for applying a dense layer of bacteria to the surface. Instead of spraying the microorganisms on the surface, application of a bacterial paste was considered.
Conclusion
Shortcomings of conventional surface treatments have drawn the attention to alternative techniques for improvement of durability of concrete. A novel technique in remediating cracks and fissures in concrete by utilizing microbiologically induced calcite precipitation is discussed. Microbiologically induced calcite precipitation (MICP) is a technique that comes under a broader category of science called bio mineralization. It is a process by which living organisms form inorganic solids. B. pasteurii and B. sphaericus can induce the precipitation of calcite. As a microbial sealant, CaCO 3 exhibited its positive potential in selectively consolidating simulated fractures and surface fissures in granites and in the consolidation of sand. MICP is highly desirable because the calcite precipitation induced as a result of microbial activities, is pollution free and natural. The technique can be used to improve the compressive strength and stiffness of cracked concrete specimens. A durability study on concrete beams treated with bacteria, exposed to alkaline, sulfate and freeze-thaw environments were also studied. It was found that all the beams with bacteria performed better than the control beams (without bacteria). Phosphate buffer proved to be an effective medium for bacterial concrete than the other two mediums. Microbial calcite precipitation was quantified by X-ray diffraction (XRD) analysis. This calcite layer improves the impermeability of the specimen, thus increasing its resistance to alkaline, sulfate and freeze-thaw attack.
